A large number of studies are underway to evaluate the possible role of gas hydrates as a potential energy resource. While one class of such studies involves characterization and quantification of hydrates in geological setting suitable for exploitation, another class of studies involves development and use of mathematical models to estimate hydrate recovery under different operating conditions. Quantification of the hydrate resource using geological and geophysical techniques, while continuously improving is subject to very large uncertainties. A meaningful development plan should incorporate the associated uncertainty, requiring large number of simulation runs. This is impractical using currently available models, as (i) most of the available numerical models are not commercially available and (ii) setting up and running of these complex models is quite timeconsuming. Furthermore, the accuracy associated with these models is not necessary, because the input parameters could vary over a wide range. Recently, the authors have developed an analytical model for prediction of gas production from hydrate capped gas reservoir. In this paper we present of this model and then use it along with Monte Carlo simulation to capture the effect of uncertainty in hydrate and reservoir parameters on the performance of the hydrate capped reservoir. The usefulness of these analytical models for fast engineering calculations, particularly those that are conducted at the beginning of the life of reservoirs (and are based on very limited information that do not warrant numerical simulation) is shown using a hypothetical case studies.
Introduction
The demand for energy has stimulated the development of the unconventional gas resources (such as gas hydrates) which are occur in enormous quantities around the world. Gas hydrates tend to form in two geologic settings 1 : (1) on land in permafrost regions, and (2) in the ocean sediments of continental margins. During the last decade a number of projects have been conducted for detection and characterization of the hydratebearing formations, drilling, logging, coring, production testing and mathematical modeling of hydrate reservoirs, with the eventual objective of assessing commercial producibility of gas from hydrate resources. One type of hydrate reservoirs that are thought to be most amenable to production are those that overly freegas bearing sands (i.e. hydratecapped gas reservoir). Makogon 9 reports that in the Messoyakha reservoir, where part of the reservoir lies below the base of the hydrate stability zone (and contains free gas), production of the lower conventional free gas led to the decomposition of the overlying hydrates by depressurization. Another example is the Eileen accumulation in Alaska 25 , where production testing using the depressurization method is underway. Figure 1 demonstrates a hydratecapped gas reservoir, where the base of the hydrate stability lies on the hydratewatergas equilibrium curve and the geothermal depthtemperature curve. While Figure 1 demonstrates depressurization in a horizontal hydratecapped reservoir, the same technique may be applied to structurs where the hydrate accumulation uccurs updip of the free gas accumulation. In such reservoirs, gas production from the deeper free gas causes pressure reduction, which propagates into the reservoir and provides the driving force for the decomposition of the hydrate within the hydrate cap 2 . The endothermic decomposition of hydrate has two effects: (i) cooling of the decomposed zone, and (ii) generation of gas and water according to Equation (1) .
where H N is the hydration number (~6), which signifies the molecular ratio of water to methane in the hydrate lattice. The cooling effect creates a temperature gradient in the reservoir system. This leads to the initiation of conductive heat flow towards the cooled zone that provides part of the necessary energy for further decomposition. Another part of the heat of decomposition is provided from the sensible heat of the hydrate cap itself. The second effect (the generation of gas and water) promotes the twophase fluid flow and convective heat transfer in the reservoir. Numerical and analytical models of gas production from hydrate reservoirs need to (at least) account for the temperature effects, the multiphase flow of gas and water, and the thermodynamic relations of hydrate decomposition. The numerical modeling 2,3,4,5,6,7 of gas production from hydrate reservoirs involves simultaneously solving the coupled equations of mass and energy balances along with the equilibrium and kinetics relations of hydrate decomposition. These models are the most rigorous; however, they also are the most expensive computationally because of the complexity of the solution. In analytical models 8, 9, 10, 11, 12, 13, 14, 15, 16 the consideration of all processes is essentially impossible; as a result, such models usually are developed on the basis of some simplifying assumptions that ideally capture the important mechanisms, and do not affect the overall behaviour of the process. Engineering calculations, particularly those that are conducted at the beginning of the life of reservoirs are based on very limited information. For example for a hydrate reservoir that has been delineated using a small number of wells there may be a large uncertainty in parameters such as thicknesses and areal extent of the hydrate cap and free gas zone, hydrate saturation, permeability, porosity, etc. A common method for quantifying the uncertainty in production forecast is Monte Carlo simulation; however, this method in conjunction with a numerical hydrate reservoir simulator is computationally expensive due to the large number of the calculations that the numerical simulator needs to perform at each timestep. In such cases, fast models are preferable. In the following, we briefly review the Monte Carlo simulation technique. Next, an analytical hydrate model 16 is introduced. Finally, we present how this analytical model along with Monte Carlo simulation may be used effectively to quantify the uncertainty of hydrate recovery from a hydrate capped reservoir.
Monte Carlo Simulation Technique
The Monte Carlo technique as a management science technique has been widely accepted in evaluation of oil and gas projects under uncertainty 17, 18, 19, 20, 21, 22, 23 . In this method, a deterministic model (e.g. analytical or numerical simulator) is evaluated iteratively using input parameters that have been randomly selected from relations that express their probability of the occurrence. A Monte Carlo simulation is a succession of hundreds or thousands of such runs, and provides a distribution function for the output parameters and their corresponding likeliness. One of the byproduct of the Monte Carlo simulation is a sensitivity chart (typically expressed in the form of a Tornado plot). The sensitivity chart evaluates how the various input parameters influence the results. The degree of influence is quantified by a correlation coefficient between the input and the output. The coefficient can range from 1 to 1. Choosing a distribution for a variable is one of the most important steps in any Monte Carlo simulation. The first step in choosing a probability distribution is to use any available data for the input parameter of interest. In the absence of data, expert opinion based on the understanding of the physics can help selection of a distribution. Finally, one needs to apply a reasonable limit to the distribution. The most common probability distributions are described in Table 1 . In this paper we will consider a hypothetical hydrate capped gas reservoir and use various probability distribution functions for the input parameters. Hong and PooladiDarvish 5, 26 have previously used a numerical hydrate reservoir simulator to study the important mechanisms in gas production from a hydratecapped gas reservoirs. These studies indicated that the bulk of the heat required for hydrate decomposition is from the sensible heat of the hydrate cap (with its rock and insitu fluids) and conduction from the strata above and below the hydrate cap; i.e. when the initial water saturation is low, convective heat transfer may be ignored. Furthermore, the pressure and temperature of the decomposing hydrates obey the threephase equilibrium conditions, i.e. kinetics of hydrate decomposition is fast. Based on this understanding Gerami and PooladiDarvish 15, 16 developed a generalized gas material balance equation which has two significant differences in comparison with the materialbalance equation for conventional gas reservoirs. This new model accounts for (i) the effect of cooling due to endothermic decomposition of the hydrate; and (ii) the effect of generated gas (and water) from the hydrate decomposition. This model, which gives the average pressure and temperature of a hydrate capped gas reservoir that is being produced at a constant rate (equation 2 to 4), was extensively validated against a numerical hydrate simulator and its range of applicability was explored.
Predictive Analytical Model for Hydrate recovery
( ) T is the average hydrate cap temperature and ( ) t b is the rate of decline of hydrate cap temperature. Other parameters are given in Nomenclature. Parameter "b" is an important parameter, which is a function of production rate, reservoir volume, thermophysical properties of hydrate cap, and production time. Once this parameter is calculated from Equation (4), the hydrate cap temperature is found from Equation (3) and the corresponding reservoir pressure is obtained from Equation (2) . In addition, the rate of gas generation and hydrate recovery (the ratio of the volume of the decomposed hydrate to the initial hydrateinplace) can be obtained from Equations (5) and (6) 
In hydrate reservoirs, the bottomhole pressure is of importance, in that very low flowing pressures (corresponding to equilibrium temperatures below the freezing point of water) may lead to formation blockage by freezing 2, 4 . The wellbore pressure as a function of time for a given constant production rate can be obtained from 16 : 
where wf y and y are the flowing wellbore and average reservoir pseudopressures (Equation (8)), respectively, and h and H are the freegas and hydratecap formation thicknesses, respectively. In Equation (7), the parameter S is referred to as the combined skin factor, signifying the difference between the actual and ideal dimensionless pressure drops in a reservoir. In the absence of nonDarcy flow and mechanical skin, the combined skin factor may be obtained from Equation (9) 16,27 :
Equation (2) to (9) can be easily programmed in a spreadsheet and can be used for performance prediction of a hydratecapped gas reservoir under constant rate production. In the following, we will show the application of this simple analytical model along with Monte Carlo simulation to assess the uncertainty in gas production from a hydratecapped gas reservoir.
Uncertainty quantification Hypothetical application
To demonstrate how this analytical model can be used for quantification of uncertainty in prediction of performance of hydratecapped gas reservoirs, a hypothetical cylindrical hydrate reservoir is considered (see Figure 2) . The initial reservoir temperature and pressure at the base of the hydrate stability region is 11.85 º C and 8.4 MPa, respectively. A number of physical properties are assumed known (given in Table 2 ). However, a wide range of reservoir and hydrate properties are assumed uncertain. As shown in Figure 3 , these include reservoir radius ( e r ), hydratecap thickness ( H ), freegas thickness ( h ), porosity ( f ), permeability ( k ), hydrate saturation ( H S ), hydrate expansion factor ( H E ), and the hydrate equilibrium curve parameter ( l ). We consider a well completed in the freegas zone of the reservoir producing at a constant rate of q . The effect of variation in gas production rate is also investigated. Figure 3 gives the distribution functions and the range of each of the input parameters.
In the following we investigate the effect of uncertainty in the above parameters in total gasinplace, flowing well pressure, and hydrate recovery.
Results
Monte Carlo simulation runs were performed by randomly selecting an input parameter honoring its probability distribution function (given in Figure 3 ) and performing a deterministic calculation, using Equation (2) to (9) . The results presented here is by repeatedly performing the above procedure 10,000 times. The range of initial free and total gasinplace is characterized by the probability density functions shown in Figures 4 (a) and 4(b), respectively. (For gas in place, standard volumetric calculations were performed.) The 10 th and 90 th percentiles are also indicated on these figures. The results suggests that the estimated gas in place including that in the hydrates is approximately 8 times of the freegas in place (for example, 90% of the estimated values for initial "free" gasinplace and "total" gas in place are less than or equal to 0.38 and 3.09 ´10 9 Std. m 3 , respectively). This order of magnitude difference shows the importance of hydrate on total gasin-place. Figure 4(c) shows the sensitivity chart, and suggest that the reservoir radius and hydrate thickness significantly affect the initial total gasinplace; however, the effect of free gas zone thickness is not significant within the range of parameters and the corresponding distributions considered in this simulation. Next we will examine what fraction of the gasin place in the form of the hydrate will be recovered within 10 years of production. Results shown in Figure 5(a) shows that there is 90% probability that the hydrate recovery is less than or equal to 24%. The low recovery is partly because heat transfer is the ratelimiting step in hydrate decomposition by depressurization, and that rate of heat transfer is limited by low thermal conductivity and small temperature change in hydrate reservoirs 2 . However, as we shall see later, there is opportunity for producing the well at a higher rate leading to higher hydrate recoveries. Figure 5 (c) reveals the importance of input variables on hydrate recovery. Whereas reservoir radius, hydrate thickness, hydrate saturation and porosity have negative impact on hydrate recovery, the production rate has a positive impact on hydrate recovery. This is because, at a constant rate of gas production and after a fixed period of time, the larger the hydrateinplace the smaller will be the hydrate recovery. A more comprehensive discussion of these effects are given elsewhere 15, 16, 24 . Figure 6 (a) and 6(b) show the simulation results for the prediction of wellbore pressure at the end of 10 years production period. Figure 6(a) shows that 10% of the predicted values for wellbore pressure are less than or equal to 5800 kPa, suggesting a 90% probability that the flowing wellbore pressure would be above 5800 kPa at the end of 10 years production period. Noting that the equilibrium temperature at approximately 2400 kPa is 0 ºC, the above information suggests that the production rate could have been significantly increased without significantly increasing the chance of ice formation. Or alternatively, production may be continued for a much longer time before the bottomhole pressure declines to a value that might accompany ice formation. Figure 6 (b) reveals the importance of input variables on hydrate recovery. The effect of parameters which have a correlation rank less than 0.1 is not reported here. Whereas an increase in gas production rate leads to a reduction in the flowing wellbore pressure, an increase in the reservoir radius, hydrate thickness, free gas zone thickness and permeability increase the flowing wellbore pressure at the end of 10 years production. These effects can be easily described by Equation (7). A more comprehensive discussion on theses effects are given elsewhere 16, 24 .
Discussion
The analytical model used in this work has a number of underlying assumptions. Previous studies 15, 16, 24 have suggested that accuracy of this model as compared with a numerical hydrate simulator, and for the range of parameters considered in this study, is approximately 5% for calculation of the flowing bottomhole pressure and as high as 30% for hydrate recovery. The calculations reported in this paper indicated that the effect of uncertainty in input parameters on the flowing pressure and hydrate recovery is approximately 30% and 500%, respectively. This comparison suggests that it is important to assess the effect of uncertainty in the input parameters, especially in the initial stages of development of hydratecapped gas reservoirs when the degree of uncertainty is large. Use of a numerical simulator for performing a single run for the cases considered in this paper would have required approximately half a day. With the help of the analytical model introduced here programmed in a spreadsheet, 10,000 runs were performed within a few minutes.
Summery and Conclusions
An analytical model for performance prediction of a hydratecapped gas reservoir under constant production rate was introduced. The model is readily programmable in a spreadsheet. Application of this model along with the Monte Carlo simulation technique for assessing the effect on uncertainty in performance of hydrate capped gas reservoirs was demonstrated. It was shown that for a particular range of parameters and operating conditions what fraction of the hydrate may be recovered after a specific period of time. Furthermore, it was shown how the results of this study may be used to adjust the operating conditions for a higher hydrate recovery. 
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